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Sour wellsAbstract The scavenging of hydrogen sulﬁde is the preferred method for minimizing the corrosion
and operational risks in oil production facilities. Hydrogen sulﬁde removal from multiphase pro-
duced ﬂuids prior to phase separation and processing by injection of EPRI H2S scavenger solution
(one of the chemical products of Egyptian Petroleum Research Institute) into the gas phase by using
the considered chemical system corresponds to an existing oil well in Qarun Petroleum Company
was modeled. Using a kinetic model the value of H2S in the three phases was determined along
the ﬂow path from well to separator tanks. The effect of variable parameters such as, gas ﬂow rates,
chemical injection doses, pipe diameter and length on mass transfer coefﬁcient KGa, H2S outlet
concentration and H2S scavenger efﬁciency has been studied. The modeling of the hydrogen sulﬁde
concentration proﬁles for different conditions was performed. The results may be helpful in
estimating injection rates of H2S scavengers for similar ﬁelds and conditions.
ª 2015 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).1. Introduction
In several Petroleum reservoirs, the concentration of hydrogen
sulﬁde (H2S) has been observed to increase unexpectedly in
gaseous, oil, and aqueous phases of produced ﬂuids. This con-
centration is typically measured in parts per million by volume
(ppmv) in the gas phase relative to a partition from oil and anaqueous phase with a pH equal to or less than 5 at standard
temperature and pressure (STP), of 20 C and 1 atm absolute
pressure. When the concentration of H2S exceeds 10 ppmv in
the gas phase, the oil well is deemed to be sour, and precau-
tions are necessary in design and operation of production,
transport, and storage equipment due to H2S toxicity, corro-
sion, plugging of reservoir formations, and increasing sulfur
content of the produced oil. Some oil ﬁelds in the North Sea
and Campos Basin (Brazil) have turned sour after a few years
of injection of seawater for improved recovery of oil [5]. Many
studies have attributed this souring to the activity of sulfate-
132 H.A. Elmawgoud et al.reducing bacteria (SRB) and resultant production of biogenic
H2S, except in a few cases of very high pressure reservoirs
where there is evidence for a geochemical mechanism as well
[6]. Many production facilities were unfortunately previously
designed and built without considering the effect of these
organisms on their operation and maintenance.
The souring of Petroleum reservoirs is caused mainly by
sulfate-reducing bacteria which can increase the concentration
of hydrogen sulﬁde in the produced ﬂuids. The H2S is making
it necessary to inject expensive chemical scavengers in produc-
tion pipelines so that the corrosion and operational risks can
be minimized. In-line scavenging of hydrogen sulﬁde is the pre-
ferredmethod for production of crude oil containing low hydro-
gen sulﬁde levels from wells. This may be occurring especially
when thewell is tied back via a ﬂow line to a host facility atwhich
there is no provision for H2S scavenging and/or where a H2S
removal facility is too expensive and/or impractical to install
[8]. As a result of this method, the hydrogen sulﬁde content of
the crude oil that is delivered to the platform is reduced to safe
and commercially acceptable levels and reaction by-product for-
mation is manageable. The formation water provides a carrier
phase for someof the reaction products and enhances the disper-
sion of some insoluble reaction products in the co produced
aqueous phase. The H2S injection models have been proposed
for treating single-phase natural gas with liquid scavengers [7].
Themain objective of this work is tomodel this chemical process
using available ﬁeld data so that the removal of hydrogen sulﬁde
(H2S) can be reduced by determining the rate of injection ofH2S
scavengers in the production lines. Our attentions should be
extended to study the removal model of hydrogen sulﬁde from
multiphase streams.2. Chemical system
The chemical system is a ﬂow line connecting oil well to pro-
duction facility. Fig. 1 is a schematic ﬂow diagram of the scav-
enger metering and injection system existing in Qarun
Petroleum Company, where the scavenger ﬂow rate is mea-
sured periodically with a graduated cylinder installed on theFigure 1 Flow diagram of EPRI H2S scapump’s suction line. The reservoir ﬂuids, namely, formation
water, crude oil, and its associated gas, ﬂow into production
lines and the oil phase is initially above the bubble point pres-
sure. The used EPRI liquid H2S scavenger is injected into the
production line through a mandrel (oil, gas and water).
The scavenger droplets disperse through the produced ﬂuid
substantially homogeneously because of the natural turbulence
of the ﬂuid ﬂow. As the pressure drops below the bubble point,
a gas phase containing part of the H2S is formed. The droplets
of H2S scavenger injected into the gas phase decompose H2S
by the substitution of sulfur into H2S scavenger ring, and the
droplets encountering the water phase are rapidly hydrolyzed
in a competing reaction. The reactions take place in the multi-
phase ﬂow along the ﬂow line. The reaction products disperse
in the liquid phase.
3. Modeling of the chemical system
The chemical system considered corresponds to an existing oil
well in Qarun Petroleum Company in Egypt. The available
data for south west Qarun ﬁeld (SWQ-11 ﬂow line) are: daily
barrel ﬂow production BFPD, barrel oil production per day
BOPD, water cut BS & W %, associated gas mmscfd, gas oil
ratio scf/bbl, temperature F, well head pressure psi, EPRI
H2S scavenger dose rate G/D, and H2S blank readings ppmv
(Table 1). The system is modeled using these available data
along with several physical properties measured for the
purpose of this study. The simulation is done for estimating
the phase distribution of hydrogen sulﬁde from total amount
or from gas phase concentration, and estimating scavenging
reaction rates and gas phase concentration of hydrogen sulﬁde
along the ﬂow path.
4. Estimation of phase distribution of H2S
From the available literature data [5] we developed a correla-
tion to estimate the equilibrium constant of hydrogen sulﬁde
between oil and water phases (K oil/water) from temperature,
pressure, and gas-oil ratio. The equilibrium Henry’s constantvenger metering and injection system.
Table 1 Daily ﬂow production of SWQ-11 Qarun Petroleum Company.
Well name BFPD BOPD BS & W % Gas mmscf GOR scf/bbl Temp F WH psi Dose G/D Average H2S blank in gas phase
SWQ-11 8120 81 99 0.118 443 149 200 200 11,000
Modeling of hydrogen sulﬁde removal from Petroleum production facilities 133KH2S for the gas/oil phases and for gas/water phases was cor-
related with temperature at low pressures. The correlation is
shown in Fig. 2. In this condition, the equilibrium constants
are independent of composition and pressure and the distribu-
tion coefﬁcient K oil/water is calculated at each temperature
(Fig. 3). The salt concentration of the particular case under
study was similar to that in the literature data used. If the com-
positions of the phases are very different from the literature
case, it is advisable to determine the equilibrium constant by
experiment. Wilson’s API-Sour Model for handling sour water
systems can be applied to sour water processes containing
hydrocarbons, acid gases, and H2O. The method uses
Wilson’s model to account for the ionization of the H2S,
CO2, and NH3 in the aqueous water phase. The fugacity of
the vapor and liquid hydrocarbon phases as well as the
enthalpy for all three phases were calculated using this equa-
tion of state. The K-values for the aqueous phase were calcu-
lated using Wilson’s API-Sour method [1].Figure 2 Linear correlations for equilibriu
Figure 3 Equilibrium constant K oil/water for hydrogen sulﬁde (un5. Estimation of reaction rates
Buhaug [3] reported the kinetics of H2S scavenger liquid react-
ing with gaseous hydrogen sulﬁde and buffered water solution.
In the scavenging reaction, the concentration variation of H2S
scavenger in contact with hydrogen sulﬁde gas was determined
by isotopic nuclear magnetic resonance (NMR) studies and the
rate was determined to be ﬁrst order in hydrogen sulﬁde
concentration:
dT
dt
¼ ka½THþ½HS for pH > 10 ð1Þ
with Ka = 9.1 · 107 Ka [mol2 * s] where Ka is the acid con-
stant of H2S scavenger in solution. Beggs and Brill [2] have
also concluded that the reaction will be ﬁrst order and fast
for pH < 10. The reported kinetic constants may, however,
have large errors, especially if extrapolated to low pH values.m constants of oil and formation water.
associated hydrogen sulﬁde and formation water with pH= 5).
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Figure 5 Effect of pipe length on H2S removal efﬁciency at
12,800 ppmv.
134 H.A. Elmawgoud et al.The H2S scavenger is rapidly hydrolyzed on contact with
water with reported kinetics of
dT
dt
¼ kH½T½H for pH < 10 ð2Þ
with kH = 1.42 · 106 s1 at 22 C and 3.40 · 108 s1 at 60 C.
The hydrolysis will be almost instantaneous for pH values of 5
or below.
We model the kinetics of hydrogen sulﬁde removal by H2S
scavenger injection with the following considerations. The H2S
scavenger solution is injected into gas stream in nearly uniform
droplets. The highly reactive H2S scavenger in the droplets will
be destroyed almost instantly on contact with the water phase
ﬂowing near the wall. The rate of removal of hydrogen sulﬁde
is limited by the rate of mass transfer of H2S from the gas
phase to scavenger solution droplets. The oil, water, and gas
phases are in thermodynamic equilibrium along the ﬂow path.
The rate of removal of H2S is estimated using a model that
combines mass transfer resistance and reaction.
Fisher et al. [7] have used this model for natural gas treat-
ment. The amount transferred is estimated using the rate
equation:
dyH2S
dz
¼ KGaPyH2S
G
ð3Þ
where yH2S is mole fraction of H2S in the gas phase; G is
molar gas velocity, mol/m2s; Z is tube length, m; KG is overall
mass transfer coefﬁcient, mol/m2 s bar; a is interfacial area,
m2/m3; and P is pressure, bar. The pressure and molar gas
velocity will vary along the path. We have estimated the rate
constant (KGa) using the ﬁeld data of H2S concentration injec-
tion of scavenger solution for same rate of lift gas injection and
ﬂow rates in the offshore oil well under study. The H2S con-
centration at the entrance was obtained by mass balance at
steady-state operation of the well without injecting H2S scav-
enger. KGa was determined from the measured operational
concentration of H2S while injecting a known rate of H2S scav-
enger solution with known lift gas rate.
6. Results and discussion
The majority of the effecting parametric variables over a wide
range of piping length, chemical injection rates, gas ﬂow rates
and piping diameter to determine the effect of these variables
on mass transfer coefﬁcient KGa, H2S outlet concentration
and H2S scavenger efﬁciency, are discussed below.0
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Figure 4 Effect of pipe length on outlet H2S concentration at
12,800 ppmv.6.1. Effect of pipe length, ft
Figs. 4 and 5 and Table 2 show the concentration of H2S in the
ﬂuid as a function of distance down the pipe. The results have
been estimated at different distances from 300 to 800 ft down-
stream of the injection point. From Fig. 3 the calculated values
of H2S concentration dissolved in the oil phase and water were
1266 and 534 ppmv, respectively. The concentration of H2S in
the mixture was 12,800 ppmv. It can be noticed that, the pipe
length has no effect on mass transfer coefﬁcient KGa as shown
in Table 2. At pipe length equal to 300, 500 and 800 ft the out-
let H2S was equal to 671, 94.1 and 4.95 ppmv respectively,
while the removal of H2S percentage efﬁciency has been
increased from 94.7% at pipe length 300 ft to 100% at pipe
length 800 ft as shown in Fig. 5. In general, the estimated
results show that the effect of pipe length had a pronounced
effect on H2S outlet concentration and H2S removal efﬁciency.
This is attributed to the increase of contact time between the
scavenger and the H2S gas. Hence the reaction had enough
time to be completed.
6.2. Effect of scavenger dose rate, gallon/hr
Table 3 and Fig. 6 show the effect of scavenger dose rate on
mass transfer coefﬁcient lb mol/(hr atm.ft2), outlet H2S con-
centration ppmv and H2S removal efﬁciency. The chemical
injection rate, expressed as L/G ratio (H2S EPRI scavengerTable 2 Effect of pipe length on mass transfer coefﬁcient,
outlet H2S and removal of H2S percentage efﬁciency with the
given pipe diameter of 4 inch, gas ﬂow rate of 0.118 mmscfd,
scavenger injection rate of 8.3 gallon per hr and the inlet
concentration of H2S in the mixture is 12,800 ppmv.
Pipe
length,
ft
KGa, mass transfer
coeﬀ., lb mol/(hr
atm.ft2)
Outlet concn.
of H2S, ppmv
H2S removal
eﬃciency, %
300 2.38E-02 671 94.7
400 2.38E-02 251 98
500 2.38E-02 94.1 99.3
600 2.38E-02 35.3 99.7
700 2.38E-02 13.2 99.9
800 2.38E-02 4.95 100
Table 3 Effect of scavenger dose rate on KGa, mass transfer
coefﬁcient lb mol/(hr atm.ft2), outlet concentration of H2S,
ppmv and H2S removal efﬁciency at given pipe diameter of
4 inch, gas ﬂow rate of 0.118 mmscfd and distance of 400 ft
from the downstream of the injection point at H2S inlet
12,800 ppmv.
Scavenger
dose rate,
gallon/hr
KGa, mass transfer
coeﬀ., lb mol/(hr
atm.ft2)
Outlet
concn of
H2S, ppmv
H2S
removal
eﬃciency,
%
2 0.00908 2850 77.7
3.5 0.0133 1430 88.8
5 0.0169 785 93.8
6.5 0.0201 457 96.4
8.3 0.0238 251 98
9.5 0.0260 173 98.6
10.5 0.0279 128 99
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Figure 6 Effect of scavenger dose rate on mass transfer
coefﬁcient kG at 12,800 ppmv.
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Figure 7 Effect of scavenger dose rate gallon/hr on outlet H2S
concentration at 12,800 ppmv.
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
R
em
o
v
al
 
o
f H
2 S
 E
ffi
c
ie
n
cy
%
2 3.5 5 6.5 8.3 9.5 10.5
Scavenger Dose Rate gallon/hr
Figure 8 Effect of scavenger dose rate on H2S removal efﬁciency
at 12,800 ppmv.
Table 4 Effect of Gas ﬂow rate on mass transfer coefﬁcient,
outlet H2S concentration, and H2S removal efﬁciency at given
pipe diameter of 4 inch, dose rate of 8.3 gallon/hr and distance
of 400 ft from the downstream of the injection point at H2S
inlet 12,800 ppmv.
Gas ﬂow
rate,
mmscfd
KGa, mass transfer
coeﬀ., lb mol/(hr
atm.ft2)
Outlet
concentration
of H2S, ppmv
H2S
removal
eﬃciency,
%
0.05 0.0089 397 96.9
0.1 0.0197 276 97.8
0.118 0.0238 251 98
0.15 0.0313 219 98.3
0.2 0.0434 184 98.6
0.25 0.0561 160 98.7
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Figure 9 Effect of gas ﬂow rate on mass transfer coefﬁcient kG at
12,800 ppmv.
Modeling of hydrogen sulﬁde removal from Petroleum production facilities 135injection rate/gas rate), produced a strong effect on the mass
transfer coefﬁcient, kGa for most conditions. From Table 3
and Fig. 6 we can notice that when scavenger dose rate
increases the mass transfer coefﬁcient increases. Besides,
increasing the scavenger rate caused a dramatic decrease in
outlet H2S concentration and a signiﬁcant improvement in
H2S removal efﬁciency, increasing from 77.7% at scavenger
dose rate of 2 gallon/hr to 99% at scavenger dose rate of
10.5 gallon/hr as shown in Figs. 7 and 8. This may be attribu-
ted to the completion of reaction between the H2S gas and the
scavenger.6.3. Effect of gas ﬂow rate, mmscfd
Table 4 and Figs. 9–11 show the effect of gas ﬂow rate, mmscfd
on mass transfer coefﬁcient lb mol/(hr atm.ft2), outlet H2S
concentration ppmv and removal efﬁciency of H2S at the same
previous conditions. It is shown that increasing the gas ﬂow
rate causes a noticeable decrease in outlet H2S concentration.
Consequently the gas ﬂow rate affects H2S removal efﬁciency,
the value is increased from 96.9% at gas ﬂow rate, 0.05
mmscfd to 98.7% at gas ﬂow rate of 0.25 mmscfd. The mass
transfer coefﬁcient also increases. Increasing the gas ﬂow rate
at a constant pipe diameter increases the superﬁcial velocity
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Figure 10 Effect of gas ﬂow rate mmscfd on outlet H2S
concentration at 12,800 ppmv.
96
96.5
97
97.5
98
98.5
99
 
H
2 S
 
Re
m
o
v
al
 
ef
fic
ie
n
cy
 
%
0.05 0.1 0.12 0.15 0.2 0.25
Gas flow rate, mmscfd
Figure 11 Effect of gas ﬂow rate mmscfd on H2S removal
efﬁciency concentration at 12,800 ppmv.
Table 5 Effect of pipe diameter on KGa, mass transfer
coefﬁcient, outlet concentration of H2S, and H2S removal
efﬁciency at a given scavenger dose rate of 8.3 gallon/hr, pipe
diameter of 4 inch, gas ﬂow rate of 0.118 mmscfd and distance
of 400 ft from the downstream of the injection point at H2S
inlet 12,800 ppmv.
Pipe
diam.,
inch
KGa, mass transfer
coeﬀ., lb mol/(hr
atm.ft2)
Outlet concn.
of H2S, ppmv
H2S removal
eﬃciency, %
2 0.47 0.0000125 100
3 0.0751 7.32 99.9
4 0.0238 251 98
6 0.00323 3480 72.8
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Figure 12 Effect of pipe diameter on mass transfer coefﬁcient kG
at 12,800 ppmv.
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Figure 13 Effect of pipe diameter on H2S outlet concentration at
12,800 ppmv.
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Figure 14 Effect of pipe diameter on H2S removal efﬁciency at
12,800 ppmv.
136 H.A. Elmawgoud et al.and the turbulence of the mixture. This ensures better mixing
of the reactants.
6.4. Effect of pipe diameter
Table 5 and Figs. 12–14 show the effect of pipe diameter on
kGa, mass transfer coefﬁcient, outlet concentration of H2S,
and H2S removal efﬁciency. From the Table and Figures, it
was cleared that the difference in the results between the six-
inch pipe and the two-inch pipe. For a given gas ﬂow and injec-
tion rate, the mass transfer coefﬁcient and the H2S removal
efﬁciency, were signiﬁcantly higher for the two-inch pipe.
The increased removal in the two-inch pipe may result from
the availability of a large wetted surface area for mass transfer
per unit volume of pipe.
7. Conclusion
The scavenging process of hydrogen sulﬁde from the multi-
phase ﬂuid produced in one of the Egyptian Petroleum
Companies was modeled. The initial concentration of H2S in
the crude mixture is 12,800 ppmv and it is desired to reduce
it to a minimum value below 10 ppmv before shipping. This
is achieved by injecting H2S scavenger chemical produced by
the Egyptian Petroleum Research Institute EPRI. The scav-
enging process does not depend only on the scavenger efﬁ-
ciency, but also on other parameters such as pipe diameter,
pipe length, gas ﬂow rate and scavenger injection rate. The
effect of these parameters on mass transfer coefﬁcient, H2S
Modeling of hydrogen sulﬁde removal from Petroleum production facilities 137outlet concentration, H2S removal efﬁciency was studied. It
was found that – within the investigated range of parameters
– the following ﬁndings can be concluded:
 The pipe length has a noticeable effect on the scavenging
process. As pipe length increases, the outlet H2S concentra-
tion decreases because the contact time increases (Table 2).
Therefore, it is preferable to increase the pipe length as pos-
sible to give the scavenger enough time to react with H2S
contained in the crude. If the ﬁeld area is limited, sometimes
loops are used to increase the pipe length.
 The opposite argument can be said on pipe diameter. As
H2S outlet concentration dramatically increases and both
the mass transfer coefﬁcient and removal efﬁciency signiﬁ-
cantly drop due to the reduction of gas velocity and turbu-
lence and hence, absence of good mixing between the
scavenger and the crude (Table 5).
 The scavenger dose rate has a considerable effect on H2S
outlet concentration and removal efﬁciency. However it
can be said that is not the dominant factor. From Table 3
it can be seen that although the scavenger dose has
increased almost ﬁve times (from 2 to 10.5 gallon/hr), the
target H2S outlet concentration (10 ppmv) has not been
achieved (at 4 inch pipe diameter and 400 ft pipe length.
 Increasing the gas ﬂow rate at a constant pipe diameter
increases the superﬁcial velocity and the turbulence of the
mixture. This ensures better mixing of the reactants.
Hence, the outlet H2S decreases and removal efﬁciency
increases.
 The obtained results may be helpful in estimating the scav-
enger injection dose for similar ﬁelds and condition.References
[1] American Petroleum Institute, A New Correlation of NH3, CO2,
and H2S Volatility Data from Aqueous Sour Water Systems,
American Petroleum Institute, Washington, D.C., 1978.
[2] H.D. Beggs, J.P. Brill, The study of two-phase ﬂow in inclined
pipes, J. Pet. Technol. 255 (1973) 607.
[3] J.B. Buhaug, Investigation of the chemistry of liquid H2S
scavengers (Ph.D. diss.), Norwegian University of Science and
Technology, Faculty of Natural Sciences and Technology, 2002.
[5] B. Eden, P.J. Laycock, M. Fielder, Oil Field Souring, HSE
Books, Liverpool, 1993.
[6] G.B. Farquhar, Review and update of technology related to
formation souring, Corros. Prev. Control 45 (2) (1998) 51–56
(Web of Science ).
[7] K.S. Fisher, D. Leppin, R. Palla, A. Jamal, Process engineering
for natural gas treatment using direct-injection H2S scavengers,
GasTIPS 9 (2) (2003) 12–17.
[8] G.J. Nagl, Removing H2S from gas streams: four leading
technologies are compared here, Chem. Eng. 108 (7) (2001) 97–
100.
Further reading
[4] H. Duns, N.C.J. Ros, Vertical ﬂow of gas and liquid mixtures
from boreholes, paper 22–106, presented at the Sixth World
Petroleum Congress, Frankfurt, 19–26 June, 1963.
[9] J. Orkiszewski, Predicting two-phase ﬂow pressure drops in
vertical pipes, J. Pet. Technol. 19 (1967) 829–838.
[10] C.M. Palmer, Evaluation of inclined pipe two-phase liquid
holdup correlations using experimental data (MS thesis), The
University of Tulsa, Tulsa, OK, Department of Petroleum
Engineering, 1975.
